the hypoxia-induced disturbance of cytosolic sodium concentration Ballany 1995; Wu et al. 1996) . In certain neurons, such as ( to depress the hypoxic outward current of these neurons (Mercuri et al. 1994b) . A better understanding of the mechanisms underlying the response of these cells to hypoxia elevations Thus, in the majority of neurons studied, hypoxia induces might be mediated by glutamate receptors, an idea underlyan initial membrane hyperpolarization that might be fol-ing the concept of excitotoxic brain damage caused by acute lowed, after a characteristic period, by a depolarization energy deprivation (Choi 1995). Disturbances in ion homeostasis during hypoxia might also be the direct consequence The costs of publication of this article were defrayed in part by the of a failure of energy-dependent ion extrusion. payment of page charges. The article must therefore be hereby marked
mine neurons of the substantia nigra pars compacta in rat midbrain has a very fast onset and produces the dominating response slices, by combining whole cell patch-clamp recordings and mi- (Calabresi et al. 1997) . Other cell types show a pronounced crofluorometry. Transient hypoxia (3-5 min) induced an outward hypoxia-induced hyperpolarization, and a depolarization can current (118.7 { 15.1 pA, mean { SE; V H Å 060 mV).
The development of this outward current was associated with an only be revealed during inhibition of this hyperpolarization (Mercuri et al. 1994a ). receptor antagonists D-amino-phosphonovalerate (50 mM), 6-The hypoxic hyperpolarization of these neurons is due to an nitro-7-sulfamoyl-benzo[ f]quinoxaline-2,3-dione (10 mM) and increase in K / conductance (Mercuri et al. 1994b ). Under S-(a)-methyl-4-carboxyphenylglycine (500 mM). Tolbutamide, a whole cell patch-clamp conditions, tolbutamide and other blocker of ATP-dependent K / channels, depressed the hypoxiasulfonylureas block a major fraction of the hypoxia-induced induced outward current but did not affect the increases in [Na / ] i or [Ca 2/ ] i . Increasing the concentration of ATP in the internal outward current (Guatteo et al. 1998) . Sulfonylureas are solution from 2 to 10 mM strongly reduced the hypoxia-induced well known to inhibit a family of potassium channels that outward current but did not reduce the rise in [Na / ] i . Decreasing are also inhibited by resting ATP levels and activated after the concentration of extracellular Na / to 19.2 mM depressed the a fall of ATP concentration (Edward and Weston 1993). hypoxia-induced outward current and resulted in a decrease in More recently, it has been shown that substantia nigra neu- to depress the hypoxic outward current of these neurons (Mercuri et al. 1994b) . A better understanding of the mechanisms underlying the response of these cells to hypoxia elevations Thus, in the majority of neurons studied, hypoxia induces might be mediated by glutamate receptors, an idea underlyan initial membrane hyperpolarization that might be fol-ing the concept of excitotoxic brain damage caused by acute lowed, after a characteristic period, by a depolarization energy deprivation (Choi 1995) . Disturbances in ion homeostasis during hypoxia might also be the direct consequence The costs of publication of this article were defrayed in part by the of a failure of energy-dependent ion extrusion. payment of page charges. The article must therefore be hereby marked
The present experiments were designed to establish the ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
temporal relationship between the hypoxia-induced outward were obtained in situ by bathing perforated cells in solutions con- Electrophysiology trapped between two coverslips spaced by pieces of coverslips and imaged by the water immersion objective. A corresponding Preparation of rat midbrain slices was performed as described approach was also employed to estimate the K d of SBFI with calipreviously (Lacey et al. 1989; Mercuri et al. 1995) . In brief, horibration solution containing 1 mM EGTA, 0.1 mM CaCl 2 , 2 mM zontal slices including the substantia nigra and the ventral tegmenMgCl 2 , 10 mM HEPES, 0-145 mM NaCl and 145-0 mM potastal area were cut from the ventral mesencephalon of Wistar rats sium gluconate The following drugs were used: dopamine hydrochloride, tolbusolution containing 19.2 mM Na / was used. This solution was tamide (Sigma), D-amino-phosphonovalerate (D-APV), 6-nitro-7-prepared by equimolar substitution of NaCl by choline chloride sulfamoyl-benzo[ f]quinoxaline-2,3-dione (NBQX), and S-(a)-with the addition of 3 mM scopolamine to prevent activation of methyl-4-carboxyphenylglycine (S-MCPG; all Tocris Cookson, muscarinic receptors.
Bristol, UK). Stock solutions of tolbutamide were made in diThe recording chamber was mounted on the stage of an upright methyl sulfoxide and diluted to the appropriate concentrations. The microscope (Axioscope, Carl Zeiss) equipped for infrared video vehicle had no effect when applied alone. Drugs were bath-applied microscopy (Hamamutsu, Japan) and video microfluorometry (Im-by switching the solution to one containing known concentrations proVision). Whole cell patch-clamp recordings were obtained from of drugs. In all figures horizontal bars labeled ''hypoxia'' indicate visually identified dopamine neurons (Bonci and Williams 1996) time during which the superfusion was switched to a solution equilusing pipettes made from borosilicate glass (WPI, 1.5 mm) and ibrated with 95% N 2 -5% CO 2 . An exchange of the solution in the pulled with a PP 88 Narishige puller. The resistance of the pipette recording chamber occurred in Ç1 min. viously, a hyperpolarizing response to dopamine (30 mM) and a pronounced hyperpolarization-induced slowly relaxing Microfluorometry inward current, I h (Grace and Onn 1989; Lacey et al. 1989; Fluorescence of neurons loaded either with SBFI or fura-2 was Mercuri et al. 1993 Mercuri et al. , 1995 Yung et al. 1991) . Cells were excited via a 140 water immersion objective (Olympus) by epi-visually identified by their fusiform cell body and long un- Ratio images were calculated from pairs of 340-and 380-nm imCells were exposed to hypoxia by switching the control ages corrected for background fluorescence (measured from image regions free of dye fluorescence). Time courses of fluorescence solution to one depleted of O 2 for 3-5 min. After Ç1 min ratio values were calculated from regions that included the cell of hypoxia, the cells invariably developed an outward current bodies (''regions of interest,'' defined as those pixels that exhibit amounting 118.7 { 15.1 pA (mean { SE, n Å 39). Figure  at least 20-30% of maximal specific fluorescence) and were trans-1, A and B, shows the responses to hypoxia of two cells, formed into ion concentration using the method of Grynkiewicz one loaded with SBFI and the other loaded with fura-2. With (Grynkiewicz et al. 1985) . The calibration parameters R min and the onset of the hypoxic outward current, the level of [Na / ] i R max (Grynkiewicz et al. 1985) for the transformation of SBFI and started to increase and rose in parallel with the outward fura-2 signals were obtained in situ by bathing perforated cells (1 current until return to control solution (Fig. 1, A and C (Figs. 2A, 3B , 4A, and 5A), whereas in other cells such current was not obvious (Figs. 1, A and B (Fig. 3 , B, C, and E, and Fig. 4 It might be noted that in many cells depression of the hypoxic outward current by the sulfonylurea uncovered an hypoxic inward current (Figs. 3C and 4) and isolated a posthypoxic outward current (Figs. 3B, 4 , and 5) (Mercuri et al. 1994a ).
Addition of 10 mm ATP to the intracellular solution prevents the induction of the hypoxia-induced outward current but does not prevent the rise in [Na
Addition of 10 mM ATP to the intracellular solution efficiently prevents the development of the hypoxic outward current, supporting the conclusion that this current is generated by ATP-inhibitable K / channels (Guatteo et al. 1998 
